Plastid intramembrane proteases in Arabidopsis thaliana are involved 25 in jasmonic acid biosynthesis, chloroplast development, and flower 26 morphology. Here we show that Ammonium-Overly-Sensitive 1 27 (AMOS1), a member of the family of plastid intramembrane proteases, 28 plays an important role in the maintenance of phosphate (P) homeostasis 29 to P starvation. amos1 plants displayed retarded root growth and reduced 31 P accumulation in the root compared to wild type (Col-0: WT) under 32 P-replete control conditions, but remained largely unaffected by P 33 starvation, displaying comparable P accumulation and root and shoot 34 growth under P-deficient conditions. Further analysis revealed that, under 35 P-deficient conditions, the cell wall, especially the pectin fraction of 36 amos1, released more P than that of WT, accompanied by a reduction of 37 the ABA level and an increase in ethylene production. By using an 38 abscisic acid (ABA)-insensitive mutant, abi4, and applying ABA and 39 ACC exogenously, we found that ABA inhibits cell-wall P remobilization 40 while ethylene facilitates P remobilization from the cell wall by 41 increasing the pectin concentration, suggesting ABA can counteract the 42 effect of ethylene. Furthermore, the elevated ABA level and the lower 43 ethylene production also correlated well with the mimicked P deficiency 44 in amos1. Thus, our study uncovers the role of AMOS1 in the 45 maintenance of P homeostasis in response to P deficiency through 46 ABA-antagonized ethylene signaling. 47 48
Introduction 52
Phosphorus (P) is indispensible for all living organisms. P functions in 53 a variety of central cellular processes, including the biosynthesis of 54 organic compounds, bio-energy generation, and cell signaling (Poirier and 55 Bucher, 2002) . P, however essential, is highly dilute and immobile in soils 56 due to its unique chemical properties. To survive P limitation, plants 57 employ sophisticated mechanisms to facilitate P acquisition and 58 8 reutilization as indicated by shoot cell wall P ( Fig. 2B and 2D) . Thus, the 133 elevated P in amos1 shoots under P deficiency was most likely due to P 134 translocation from the roots, and amos1 roots may act as the P source. As 135 expected, a greater quantity of P was adsorbed in the cell wall fraction of 136 amos1 roots under P-replete conditions, while a significantly smaller P 137 pool was found in the root cell walls of amos1 under P-deficient 138 conditions compared to WT ( Fig. 2A) . Thus, the ratio of P retained (-139 P/+P) in the amos1 root cell wall was much lower than in the WT (Fig.  140 2C), indicating that more P was released from the root cell wall of amos1, 141 allowing for sustained growth of amos1 under P deficiency. 142
143

Cell-wall pectin contributes to efficient P recycling in amos1 144
Previous studies showed that P deficiency decreases pectin 145 concentration in the root cell wall of Arabidopsis (Zhu et al., 2012) , and 146 that pectin contributes greatly to cell-wall P reutilization in rice (Zhu et 147 al., 2015) . Since the cell wall matrix acts as an important repository for P, 148 and a potential source for P reutilization, we tested whether pectin plays a 149 role in the P-deficiency response in Arabidopsis. As expected, more P 150 was adsorbed in the pectin fraction of the amos1 root cell wall under 151 P-replete conditions while less P was adsorbed under P-deficient 152 conditions compared to WT, indicating greater P-release potential in the 153 pectin fraction of amos1 root cell walls (Fig. 3A) . In agreement with this, 154 an increase in the pectin concentration of the amos1 root cell wall was 155 found under P-deficient versus P-replete conditions, while the pectin 156 concentration was decreased in the WT root cell wall under P-deficient 157 conditions (Fig. 3C) . However, the almost complete absence of any 158 change in the shoot cell wall pectin concentration and its P retention in 159 both the WT and amos1 (-P versus +P), again excludes the involvement 160 of the shoot in the greater degree of P reutilization observed in amos1 161 1 0
Expression of genes involved in P uptake, translocation, and 165 allocation in P-deficient plants 166
To determine the transcriptional response to P starvation, quantitative 167
RT-PCR was subsequently performed following P starvation for 7 days. 168
As revealed by RT-PCR, the WT root showed increased transcription of 169 PHR1, PHT1, PHO1, PHO2 after P starvation (Fig. 4) , although the 170 expression of all these genes was consistently higher in amos1. To our 171 surprise, amos1 roots already displayed elevated transcription of PHR1, 172 PHT1, PHO1, PHO2 even in the absence of P starvation (Fig. 4) , 173
suggesting that loss of function of AMOS1 itself mimicked the stress 174 imposed by P deficiency, consistent with the retarded root growth under 175 P-replete control conditions that was indistinguishable from that under 176 P-deficient conditions (Fig. 1A) . 177
178
Involvement of ABA in P recycling from the cell wall in amos1
179
ABA was shown to function downstream of AMOS1 in its response to 180 ammonium hypersensitivity . We now asked whether 181 ABA was also involved in the response to P deficiency in amos1. As 182 shown in Fig. 5 , P deficiency significantly reduced the root ABA 183 concentration of amos1, while there was almost no influence on WT, 184 indicating that ABA may be involved in the resistance to P deficiency of 185 amos1. Examination of a loss-of-function mutant in a key transcription 186 factor for ABA signaling, ABSCISIC ACID INSENSITIVE 4 (abi4) and 187 exogenous application of ABA confirmed this hypothesis; abi4, 188 phenocopies amos1, showed improved growth (Fig. 6A) , significantly 189 greater root length, higher root and shoot biomass (Supplemental Fig. 3) , 190 significantly higher soluble P pools in roots and shoots ( Fig. 6B and 6C) , 191 and less root cell-wall P retention under P-deficient conditions ( Fig. 6D that the transcription of ACS4 and ACS8 genes, involved in ethylene 202 biosynthesis, is inhibited by ABI4 (Dong et al., 2015) , and, more recently, 203 Zhu et al (2016) under P-deficient versus -replete conditions compared to WT (Fig. 8) , 208 indicating that ABA antagonizes ethylene signaling in the 209 P-remobilization mechanism from the cell wall, which was furthermore 210 confirmed by the exogenous application of the ethylene precursor ACC. 211
As shown in Supplemental Fig. 5 , after ACC was applied exogenously 212 under the P-deficient and -replete conditions, production of ethylene was 213 enhanced, accompanied by an increase in the cell-wall pectin 214 concentration; thus, more P was released from the cell-wall pectin 215 fraction, and, as a result a higher root-soluble P concentration was found, 216 in agreement with Zhu et al (2016) . All the above results indicate that 217 ABA counteracts the effect of ethylene in remobilizing the root cell wall 218 P, and this conclusion was further supported by the fact that the high 219 ABA level and the low ethylene production correlated well with the lower 220 cell wall P reutilization in the amos1 mutant under P-replete conditions. 
DISCUSSION 224
To overcome low P availability, plants have adopted a series of 225 biochemical, physiological, and molecular strategies including enhanced 226 acid phosphatase (APase) activity and elevated transcription of genes 227 essential for P acquisition (Goldstein et al., 1988; Devaiah et al., 2007; 228 Zhou et al., 2008; Niu et al., 2013; . In addition, many 229 non-specific, shock-induced, gene expression changes are also classically 230 observed under P deficiency (Hammond et al., 2003) . In addition to 231 improved exploitation of P resources in the soil, plans can also remobilize 232 previously acquired and internally sequestered P during periods of P 233 deficiency (Raghothama and Karthikeyan, 2005) . This can involve the 234 plant-internal engagement of acid phosphatases, ribonucleases, and 235 phosphohydrolases (Yun and Kaeppler, 2001; Gong et al., 2011) . A 236 recently uncovered mechanism engaged under P starvation in rice is 237 associated with remobilization of P from storage pools in the root cell 238 wall, and more specifically the cell-wall pectin fraction (Zhu et al., 2015) . 239
In the present study in Arabidopsis, resistance of P starvation also shows 240 clear association with the cell wall, and in particular the pectin fraction, in 241 the loss-of-function mutant amos1. To elucidate the possible mechanisms 242 underlying cell-wall-based P recycling in amos1, we examined the 243 involvement of the phytohormones ABA and ethylene and show them to 244 be fundamental to plant resistance to P starvation and the accessing of the 245 P pool in the root system. Our work, thus, provides an important 246 mechanistic extension to the earlier study in rice, in establishing not only 247 the importance of cell-wall P remobilization, but its regulation through 248 phytohormone signaling. 249
The mature plant cell wall consists largely of cellulose and matrix 250 polysaccharides, including pectin and hemicelluloses (Cosgrove, 2005) . P-solubilizing activity after growth on low P substrates (Ae et al., 1990) . 253
Polygalacturonic acids easily form complexes with metals, such as Fe shown to enhance P remobilization in rice under P deficiency (Zhu et al., 262 2012; Zhu et al., 2015; Zhu et al., 2016) . These studies indicate that 263 cell-wall polysaccharides become involved in the recycling of P deposited 264 in the plant cell wall when external P becomes scarce. Our study 265 establishes the role of the P repository in cell-wall pectin in amos1 under 266 P deficiency, with greatly enhanced P release from the pectin fraction in 267 the cell walls of amos1 under P deficiency compared to P-replete 268 conditions ( Fig. 3A) , accompanied by significant increases in the pectin 269 concentration of the amos1 root cell wall (Fig. 3B) , as a result, less P was 270 retained in the amos1 cell wall under P deficiency when compared with 271 WT (Fig. 2) , with elevated soluble P concentration in both roots and 272 shoots of amos1, rendering it more resistant to P deficiency than WT ( ( Fig. 1 and Supplemental Figs. 1, 2) , indicating that amos1 is uniquely 282 resistant to P deficiency. 283
The finding that amos1 accumulates more ABA under P-replete, than 284 under P-deficient conditions (Fig. 5 ) led us to hypothesize that ABA may 285 be involved in the response to P deficiency in amos1. Our results here 286 demonstrate that ABA is a negative regulator in the response to P 287 deficiency, as exogenous application of ABA resulted in higher sensitivity 288 while the loss-of-function mutant in a key transcription factor for ABA 289 signaling, abi4, exhibited higher resistance to P deficiency (Figs. 6 and 7) . 290 This is in accordance with earlier reports that ABA is engaged negatively 291 in the response to P deficiency as evidenced in the repressed transcription 292 of several At4 family members, a group of highly conserved 293 P-deficiency-induced riboregulators in Arabidopsis (Shin et al., 2006) . In 294 addition, Arabidopsis mutants exhibiting lowered sensitivity to ABA or 295 impaired ABA biosynthesis, abi2-1 and aba1, respectively, displayed 296 reduced P-starvation response (PSR) gene expression when grown under 297 low P supply (Trull et al., 1997; Ciereszko and Kleczkowski, 2002) . 298
However, defects in ABA signaling in these mutants did not affect other 299 aspects typically related to P deficiency, such as enhanced phosphatase 300 activity or altered root-to-shoot biomass ratio (Trull et al., 1997) . 301
Together, these data indicate that ABA is involved as a negative regulator 302 in discrete, but not all, branches of the signaling responses engaged under 303 P deficiency. The role of ABA in P deficiency is therefore complex and 304 the underlying physiological and molecular mechanisms remain elusive. 305
Here, we demonstrate that ABA can exacerbate sensitivity to P deficiency 306 in Arabidopsis by reducing P remobilization from the cell wall, as seen in 307 amos1, abi4, and WT supplied with exogenous ABA. This negative role 308 of ABA in P remobilization from plant-internal P repositories, thus, 309 appears to constitute one of the branch points at which ABA affects plant 310 Several studies have also established the role of the gaseous hormone 312 ethylene in the response to P starvation (Nagarajan and Smith, 2012) .
313
Several genomic studies have demonstrated that P deficiency alters 314 expression of genes involved in both ethylene biosynthesis and signaling 315 in the root (Thibaud et al., 2010; Chacon-Lopez et al., 2011) . By means of 316 modification of the cell wall, ethylene was shown to mediate resistance 317 against fungal colonization (Lloyd et al., 2011) , and, in a previous study, 318 ethylene was shown to be a likely signal in P remobilization from the cell 319 wall (Zhu et al., 2016) . Thus, the fact that amos1 accumulated more ABA 320 (Fig. 5 ) and less ethylene compared to WT under normal conditions (Fig.  321 8) suggests ABA may act against ethylene in the context of P deficiency. 322
More recently, ABA was also found to inhibit ethylene biosynthesis via 323 ABI4 (Dong et al., 2015) . In agreement with these data, less ethylene was 324 detected in the ABA-accumulating mutant-amos1 in our current study 325 (Fig. 8) , and this was furthermore consistent with enhanced P retention in 326 the root cell wall, indicating that ABA may play a negative role in P 327 remobilization from the cell wall. 328
The fact that the ammonium-responsive AMOS1 is also involved in 329 the maintenance of cellular P homeostasis raised the possibility that the 330 N-signaling pathway engages in crosstalk with P signaling. Indeed, 331 several lines of evidence suggest the existence of such crosstalk: Firstly, 332 an E3 ubiquitin ligase, Nitrogen Limitation Adaptation (NLA), was 333 reported to serve as a regulator of both N and P homeostasis in 334
Arabidopsis (Kant et al., 2011) . Secondly, transcriptomic analysis has 335
shown that several P-starvation-responsive genes identified previously 336 (Müller et al., 2007) 
, MYB75, NF-YA10 and Phosphoenolpyruvate 337
Carboxylase Kinase (PPCK) are down-regulated in amos1 by excessive 338 ammonium treatment demonstrated that ABA signaling is recruited by AMOS1 under 340 ammonium stress, while, in the current study, ABA signaling was found 341 to be employed by AMOS1 under P deficiency. However, it has yet to be 342 determined whether ethylene is involved under ammonium stress and 343 whether N-acquisition-related genes alter their expression in response to 344 P deficiency. 345
In conclusion, we demonstrate here, for the first time, that the plastid 346 intramembrane protease AMOS1 is involved in the regulation of P 347 remobilization from the root cell wall under P deficiency, via recruitment 348 of ABA-antagonized ethylene signaling in Arabidopsis (Fig. 9 ). Our study, 349 thus, supports the importance of P remobilization from the plant cell wall previously described (Zhu et al., 2015) . 401
Uronic acid concnetration in pectin was determined using galacturonic 402 acid (Sigma) as a standard (Blumenkr and Asboehan, 1973) Determination of ethylene production was conducted as previously 441 described (Li et al., 2013) . Endogenous ABA accumulation was 442 quantified by the enzyme-linked immunosorbent assay as described in 443 Yang et al. (2001) . 444
445
Data Analysis 446
All histograms in Results are shown as the means ± standard errors for 447 one set of representative data, from four independent replicates. Data 448 were subjected to one-way ANOVA, and the means were compared by 449 Student's t test. Bars with different letters mark statistical significance at 450 the P < 0.05 level. wild-type were subjected to P-sufficient or P-deficient nutrient solution 500 combined with or without 1 μM ACC for 7 d, and roots were collected for 501 determination of ethylene production (A), cell-wall P content (B), P 502 content in cell-wall pectin (C), cell wall pectin (D), soluble P (E) while 503 shoots were subjected to measurement of soluble P (F). Values are means 504 ± standard deviation (SD), n = 4. Different letters are used to denote 505 means that differ significantly (P < 0.05). 506
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